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Nanoindentation offers a convenient method for the testing of thin hydrogel specimens,
such as contact lenses, to directly assess their mechanical properties. Here we investigate
the mechanical properties of poly(hydroxyethyl methacrylate) (pHEMA) specimens of
a range of uniform thickness values and demonstrate that, with 50 and 100 μm radius
spherical indenters, a signiﬁcant increase in apparent elastic modulus is seen when the
specimen thickness is smaller than 500 μm at indentation depths o1 μm. This is
a manifestation of the well known indentation thickness effect but occurring at larger
critical thicknesses than seen with other materials. A simple empirical relation is
determined for the variation in apparent elastic modulus with normalised thickness.
The empirical thickness correction function obtained from pHEMA specimens was
subsequently used to correct for the thickness variation within a range of contact lenses
supplied by a number of different manufacturers fabricated from both pHEMA and silicone
polymers, with a range of optical strengths and hence thickness proﬁles. The correction
function is seen to compensate for the variation in apparent elastic modulus with lens
thickness for all four contact lens types, irrespective of lens material. The measured
Young's modulus of the contact lens material, corrected for thickness, was compared with
that quoted by the manufacturers of the contact lenses, obtained by conventional bulk
mechanical testing, to ﬁnd good agreement.
& 2014 The Authors. Published by Elsevier Ltd. Open access under the  license.CC BY1. Introduction
Hydrogels are a generic term for highly crosslinked polymers
that have a nanoporous internal structure that is ﬁlled withElsevier Ltd.
; fax: þ44 161 3068877.
c.uk (B. Derby).
Open access undaqueous media. Such materials tend to be highly compliant
with elastic modulus values many orders of magnitude lower
than engineering polymers. Many of the soft tissues within
the human body can be classiﬁed as hydrogels as also areer the  license.CC BY
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contact lens materials such as poly(hydroxyethyl methacry-
late) (pHEMA). In order to fully understand the compatibility of
hydrogel biomedical materials with soft tissue, it is necessary
to develop mechanical testing methods to accurately charac-
terise the mechanical behaviour of both materials. In many
biomedical applications there is the need to characterise
relatively small volumes of materials, in which case nanoin-
dentation has many attractions (Ebenstein and Pruitt, 2006;
Akhtar et al., 2011). This is particularly the case for contact lens
materials where the thickness of the sample is o500 μm and
nanoindentation based techniques have the following
advantages: It is possible to measure the mechanical properties of a
whole manufactured lens. It is easier to test the lens in a hydrated environment.
 It is possible to study variation in mechanical properties
across a lens.1.1. Contact lens materials
Soft contact lenses are manufactured from hydrogels, which
are able to achieve an appropriate balance of materials proper-
ties including: optical properties, oxygen permeability, surface
wettability, whilst displaying similar mechanical properties to
corneal tissue. Most commercial contact lenses are fabricated
from two distinct families of hydrogel materials. Conventional hydrogels: these are most commonly based on
copolymers of poly(hydroxyethyl methacrylate) (pHEMA) and
other hydrophilic monomers, such as methacrylic acid (MA)
or N-vinyl pyrrolidone (NVP); they are usually crosslinked
with ethyleneglycol dimethacrylate (EGDMA) (Maldonado-
Codina and Efron, 2003). Silicone hydrogels: these are based on silicone polymers,
including methacryloxypropyl(trimethylsiloxy)silane (TRIS )
copolymerised with hydrophilic monomers, such as pHEMA
or copolymers of ﬂurocarbons with poly(dimethyl siloxane)
(PMS) (Kunzler, 1996; Nicolson and Vogt, 2001).
Silicone hydrogels were brought onto the market in the
late 1990s in order provide the anterior eye with more oxygen
and to solve many of the hypoxia-related problems observed
with conventional hydrogels, which had been on the market
since the 1960s. Consideration of appropriate mechanical
properties for contact lens materials are a vital part of the
lens design because they are directly related to factors such
as comfort, optical performance, handling and the conformal
ﬁt of the lens to the ocular surface.
Young'smodulus and tensile strength are routinelymeasured
by contact lens manufacturers and researchers (Maldonado-
Codina and Efron, 2004; Tranoudis and Efron, 2004). Hydrogels
are known to display more complex mechanical behaviour than
described by simple inﬁnitessimal strain deformation theory
because they can withstand large elastic strains and showtime-dependent deformation. Various authors have proposed
models based on hyperelasticity (Ravi et al., 2006), rubber
elasticity (Peppas et al., 2006), viscoelasticity (Ahearne et al.,
2005) and poroelasticity (Galli et al., 2009), to more accurately
describe the behaviour of hydrogels. However, because of the low
loads and consequent deformations they are exposed to during
use, manufacturers of contact lenses appear to rely on a nominal
Young's modulus as the appropriate metric. Young's modulus is
also the default metric used to compare the mechanical proper-
ties of biomaterials with the tissue they will be in contact with
during service.
1.2. Indentation and nanoindentation of hydrogels
Hertz's solution for the indentation of an elastic half-space by
a sphere, relates the displacement, h, as a function of
indentation load, P, with:
h¼ 9P
2
16REn
2
 !1=3
ð1aÞ
here R is the radius of the indenting sphere and En is the
contact modulus, deﬁned by
1
En
¼ 1ν
2
1
E1
þ 1ν
2
2
E2
ð1bÞ
where E and ν are Young's modulus and Poisson's ratio, with
the subscript 1 indicating the material of the indenter and
subscript 2 that of the half-space being indented respectively
(Johnson, 1985). Hydrogels are orders of magnitude more
compliant than conventional engineering materials, thus
one can approximate the indentation of a hydrogel to that
caused by a rigid indenter, in which case Eq. (1b) can be
simpliﬁed thus
1
En
¼ 1ν
2
2
E2
ð1cÞ
From this it is clear that indentation and nanoindentation
experimemnts measure a contact modulus. Thus in order to
obtain a measure of Young's modulus from indentation data,
Poisson's ratio must either be measured independently or an
assumed value taken.
The use of contact atomic force microscopy (AFM) and
nanoindentation to characterise highly compliant materials
such as hydrogels and animal tissues must be treated with
some caution because of the inherent assumptions carried out
during the analysis of data. For most cases of AFM analysis of
contact stiffness, it is assumed that the contact can be
modelled using Hertz's elastic solution (Eq. (1)); with the
substrate taken as an inﬁnite half-space and that the local
strains are small enough to allow the inﬁnitesimal strain
approximation in linear elasticity theory. This approach was
reviewed by Dimitriadis et al. (2002), who showed that it is
necessary to use relatively large indenting spheres to ensure
that the elastic strain beneath the indenter remains in a linear
elastic regime with practical indentation depths.
This contact problem can be partly circumvented using
the approach of Oliver and Pharr (1992), who used Seddon's
analytical solution for a ﬂat punch indenter. However, in this
case the relationship between indentation depth and contact
area must be known over the working range of the indenter.
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known mechanical properties. Considering that nanoinden-
tation was originally developed to probe the mechanical
properties of metals and ceramics, the normal standard
material is fused quartz (ISO 14577 and ASTM E2546–07).
However, this does not provide data at indentation depths
routinely found with compliant polymers and hydrogels.
Thus to enable the Oliver and Pharr analysis of the nanoin-
dentation of polymers and hydrogels, more compliant stan-
dards must be used. Klapperich et al. (2001) used a standard
polycarbonate sample for the calibration of a nanoindenter
before investigating the mechanical properties of a range of
polymers, whereas Kaufman et al. (2008) used a proprietary
elastomer for calibration before studying the nanoindenta-
tion of pHEMA hydrogels.
It is likely that hydrogels display time-dependent deforma-
tion, either a viscoelastic response of the polymer chains, or
poroelastic behaviour caused by the time-dependent ﬂow of ﬂuid
through the nanoscale porosity. Hunter found a solution for the
spherical indentation of an inﬁnite viscoelastic half-space for the
case of a monotonically increasing load (Hunter, 1960). This
solution has been developed further for spherical, ﬂat punch and
conical indenters (Cheng et al., 2005a, 2000; Cheng and Cheng,
2005; Oyen, 2005, 2006). Unfortunately there is no such similar
analytical solution for the indentation of a poroelastic half-space,
although there have been some studies using numerical meth-
ods (Chen et al., 2007; Galli et al., 2009). There has been consider-
able discussion as to whether the Oliver and Pharr analysis of
nanoindentation data is validwhenmaterials display viscoelastic
behaviour (Buzzi et al., 2009; Cheng et al., 2005b; Fujisawa and
Swain, 2006). This is because Oliver and Pharr consider the
unloading segment of an indentation experiment, which may be
inﬂuenced by the continuing viscoelastic response to the prior
compressive load. In order to minimise this effect nanoindenta-
tion experiments on viscoelastic materials use an extended hold
period to relax the viscoelastic solid before unloading.
Kim et al. (2002) studied two conventional contact lenses,
one made from a pHEMA homopolymer and the other a
copolymer of pHEMA and pMA, using contact AFM with the
samples immersed in a saline solution, ﬁnding Young's
modulus values of 13407130 kPa and 470740 kPa for pHEMA
and p(HEMAþMA) lenses respectively. These were substan-
tially different from the reported bulk elastic modulus of
1000 kPa and 320 kPa respectively. Kaufman et al. (2008)
carried out a nanoindentation study of pHEMA hydrogels as
a function of crosslinker density, similar to compositions
used in contact lens materials and found that, as expected,
increasing the crosslinker density led to an increase in
hydrogel stiffness. Using a conventional elastic analysis
based on the approach of Oliver and Pharr, they found a
similar value for Young's modulus as reported by Kim and
Koffas (Kim et al., 2002; Koffas et al., 2003). They also carried
out an analysis of their data using a linear viscoelastic
constitutive relation (Maxwell–Wiechert), where a time-
dependent elastic modulus, E(t), is described using:
EðtÞ ¼ E1 þ∑
n
Enexpðt=τnÞ ð2Þ
where E1 is the equilibrium (long time) elastic modulus and En
and τn describe time-dependent components, with the numberof components selected to provide the best ﬁt to experimental
data. They found similar values for Young's modulus obtained
using a linear elastic model, E, and the equilibrium Young's
modulus, E1, from the Maxwell–Wiechart relation.
1.3. Inﬂuence of sample thickness on nanoindentation
of compliant materials
The limitations on the accuracy of elastic modulus measure-
ments obtained using nanoindentation imposed by a ﬁnite
thickness sample mounted on a much stiffer substrate are
well known (Domke and Radmacher, 1998; Kim, 1996; Fischer-
Cripps, 2000; Saha and Nix, 2002). Dimitriadis et al. (2002) has
reviewed prior work on the indentation of compliant layers
on stiff substrates. During indentation experiments, the load
on the indenter is supported by the bulk of the material below
the contact and the contact stress ﬁeld decays rapidly with
radial distance. If a relatively thick compliant layer is present,
the majority of the indentation load is supported by the
elastic deformation of the layer itself and the measured
elastic properties will be approximately equal to that of the
layer material. However, as the layer becomes thinner, the
mechanical properties of the substrate become more impor-
tant until at zero thickness, the indenter response is that of
the substrate. Thus, as the thickness of the compliant layer is
reduced the mechanical properties recorded by a nanoinden-
ter will converge to those of the substrate. Generally, it is
accepted that if the indentation depth is smaller than 10% of
the coating thickness, the effect of the substrate can be
ignored (Fischer-Cripps, 2000).
There have been a number of attempts to model this
specimen thickness phenomenon for low elastic modulus
ﬁlms. Dimitriadis et al. (2002) used a Green's function approach
to develop an analytical expression for the effect of ﬁlm
thickness and compared their results with measurements
made using an atomic force microscope on crosslinked poly-
vinyl alcohol ﬁlms with bulk elastic modulus of around 5 kPa
and thickness o1 μm. Clifford et al. used ﬁnite element
analysis to study the behaviour of ﬁlms of Young's modulus
in the range 0.36–1.91 GPa, with substrates approximately one
order of magnitude stiffer (Clifford and Seah, 2009). The
predicted increase in modulus for ﬁlms with a range of
thickness was then used to derive an empirical relation to
describe the inﬂuence of ﬁlm thickness. Although these studies
considered ﬁlms which are in one case substantially more
compliant (Dimitriadis et al., 2002) and in the other substan-
tially stiffer (Clifford and Seah, 2009) than the hydrogels we are
investigating, their predictions on the inﬂuence of specimen
thickness will be instructive in interpreting our results.
Thus, although there has been prior work on the use of
nanoindentation to characterise hydrogels, there are still a
number of areas that need of uncertainty that must be clariﬁed
before they can be used to reliably obtain mechanical proper-
ties data with the same conﬁdence as with bulk materials
characterisation methods. In this study we study in detail how
the thickness of hydrogel specimens inﬂuences the apparent
elastic modulus data obtained using nanoindentation. Hence,
we have fabricated a series of thin disc specimens of different
thickness values from a model pHEMA hydrogel. The results
from these controlled thickness specimens are used to
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and apparent mechanical properties. This information is then
used to compensate for local thickness when we investigate
the mechanical response of a number of commercial contact
lenses fabricated from pHEMA copolymers and silicone poly-
mer hydrogels. This data is compared with that obtained by the
manufacturers of the lenses using bulk mechanical character-
isation methods.2. Materials and methods
2.1. Hydrogel sample preparation
To investigate the inﬂuence of specimen thickness, a series of
disc specimens of p(HEMAþMA) hydrogels were fabricated of
thickness 50–1000 μm. Specimens of thickness approximately
2.5mm were made to represent a bulk specimen with no
inﬂuence from any substrate. Specimens were fabricated with
EGDMA concentration 0.2–5.0%, although the majority of the
experiments were carried out at concentrations of 0.2% and 1.0%.
An amount of 10ml of HEMA (Sigma-Aldrich, Gillingham, Dorset,
UK) and appropriate volumes of EGDMA (Sigma-Aldrich) were
gentlymixed by hand in a glass beaker with 0.2ml of MA (Sigma-
Aldrich) and 0.05ml 2-hydroxy-2-methyl-propiophenone (Daro-
cur 1173) initiator (Sigma-Aldrich). The MA concentration was
selected as that normally present in commercial contact lens
materials. (Read et al., 2009) These compositions have an
equilibrium water content (EWC) of approximately 60% when
saturated. To synthesise the 2.5 mm thick gels, 100 μl of the
mixture was pipetted into the wells of a glass-coated 96 well
plate. The solution was polymerised under UV light for 90 s. The
entire well plate was transferred to a larger well ﬁlled with 70%
ethanol in deionized water by volume, to remove un-reacted
components. This initial ethanol wash also prevented crack
propagation in the gels during hydration. After 2 h, the plate
was transferred to a sodium bicarbonate solution to allow full
extension of the polymer network. After a further 2 h the plate
was moved to a 30% ethanol solution before being placed in a
10% ethanol solution after another 2 h, during which, the gels
began to swell and come free of the well plate. After 2 h, the well
plate was removed, leaving gels with a central thickness of
approximately 2.5mm and 10mm in diameter. The 10% ethanol
solution was used to store the gels before a 48 h soak in
phosphate buffered saline (PBS: PAA Laboratories GmbH, Austria)
prior to indentation testing.
To synthesise p(HEMAþMA) hydrogels of different thick-
nesses, appropriate quantities of the 0.2% and 1.0% cross-linker
concentration mixtures were pipetted onto glass slides before
being placed under UV light for polymerisation. The pipetted
volumes were either left as a droplet, or smeared across the plate
using a glass cover slip to yield a variety of thicknesses.
Following polymerisation, the gels underwent the same wash-
soak regime as used with the bulk specimens, with the exception
that the polymer sheets became free during the ﬁrst 70% ethanol
wash. At this stage, the sheets were cut into smaller sheets,
approximately 5mm square, before resuming the washing
regime. The hydrated thickness of each gel sample was mea-
sured prior to testing using an ET-3 thickness gauge (Rehder
Development Co., Castro Valley, CA, USA) to a stated accuracy of
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proﬁle of each contact lens specimen investigated.2.2. Contact lenses
Four different contact lenses, two made from conventional
pHEMA based hydrogels and two from silicone hydrogels,
were obtained from manufacturers. These are listed in
Table 1. The thickness proﬁle of a contact lens varies accord-
ing to its back vertex power (BVP). The BVP is deﬁned as the
reciprocal of the distance in metres from the back vertex of
the lens to its second principal focus. The unit of focal power
is the dioptre (D). The thickness proﬁle of the central optic
zone, (approximately the central 6 mm of the lens) varies
according to its BVP. This can be clearly observed by examin-
ing the thickness proﬁles shown in Section 3.3. For this
reason, lenses of 0.50 D, which tend to have a fairly uniform
thickness over the central optic zone, of all the four lens types
were selected for initial mechanical characterisation. In
addition, 1-Day Acuvue Moist lenses of 6.00 D, 3.00 D,
þ3.00 D and þ6.00 D, which show a range of radial thickness
proﬁles, were also characterised.Fig. 1 – Schematic diagram showing the mounting stage used fo
view, (b) rotation gauge (axial) view, (c) other view.2.3. Nanoindentation
The mechanical properties of the synthetic hydrogels and
contact lenses were determined using a Hysitron Triboindenter
(Hysitron Inc, Minneapolis, MN, USA) mounted on a Veeco
Explorer AFM (Veeco Instruments Inc, Plainview, NY, USA). The
data were acquired, collected and processed using Hysitron
Triboscope software (Version 3.5a, Hysitron Inc). The tip/area
calibration was carried out using Vishay PS-4 photoelastic poly-
mer ﬁlm (thickness 3mm) with nominal Young'smodulus 4MPa
(Vishay Micro-Measurements; Raleigh, NC, USA). In order to
maintain the samples in a fully hydrated condition during
testing, they were totally immersed during testing. Tests were
carried out using 50 μm and 100 μm radius conospherical sap-
phire tips (Hysitron) dipped in a surfactant, Triton X-100, (BASF,
Ludwigshafen, Germany), with the samples submerged in PBS.
The use of a surfactant was necessary to reduce the inﬂuence of
capillarity forces at the indenter shaft/air/liquid contact line
(Akhtar et al., 2004).
Contact lens specimens were tested fully immersed in PBS
mounted on a purpose built stage illustrated schematically in
Fig. 1. A lens was mounted on a spherical steel ball of radius
of 7.2 mm and held in place with a PTFE support. The ballr the nanoindentation of hydrogel contact lenses: (a) plan
Fig. 2 – Young's modulus obtained from 2.5 mm thick
hydrogel specimens using the Oliver and Pharr method to
characterize 0.2% and 1.0% crosslinker density p(HEMAþMA)
hydrogels with 50 μm and 100 μm indenter radii.
Measurements using a range of loading ramp (L), hold (H)
and unloading ramp (UL) times (reported in seconds)
are shown.
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 3 5 ( 2 0 1 4 ) 1 4 4 – 1 5 6 149could be rotated to allow indentation at speciﬁc positions
with a rotation of 41 giving a transverse displacement at the
lens surface of 550 μm. This allowed for up to 26 locations to
be indented across a single lens diameter. With this arrange-
ment the lens was subjected to zero bending distortion and
each indentation was approximately normal to the lens
surface at every location. The same stage was used to
position the lens for thickness measurement.
With highly compliant materials it can be very difﬁcult to
determine the moment of initial contact during nanoindentation
experiments. This can lead to considerable uncertainty in
determining the zero indentation point from nanoindentation
data. In order to accurately identify the point of initial surface
contact, a procedure similar to that outlined by Cao et al. (2005)
was carried out but modiﬁed to allow for the fact that the
specimen is immersed in a ﬂuid. As the tip is lowered towards
the sample surface it ﬁrst penetrates the air/liquid interface and
a small change in the force on the indenter is detected. The tip is
lowered further and contact with the solid is indicated by
manually monitoring the force signal and identifying the sudden
change that occurs during contact. Once the surface has been
detected the indenter tip is lifted above the surface, still
immersed in the liquid, and the indentation experiment com-
mences under load control. All experiments were performed
with a maximum indentation depth of approximately 1 μm.
Nanoindentation data were analysed using both the Oliver
and Pharr (1992) (O&P) analysis of the gradient of the unloading
curve and by modelling the ramp load and hold period using the
approach of Mattice et al. (2006), Oyen (2005) which assumes that
the material shows a time-dependent elastic modulus described
by a Maxwell–Wiechert model with a single time constant. As
discussed earlier the analysis of nanoindentation data produces
a composite elastic constant, hence the Poisson's ratio must be
known to determine Young's modulus. There is no consensus in
the literature as to what is an appropriate value of Poisson's ratio
for contact lens hydrogel materials, with values either assumed,
modelled or measured covering a range of approximately 0.3–0.5
(Chen et al., 2007; Galli et al., 2009; Kaufman et al., 2008; Lee et al.,
2008; Thissen et al., 2010). In the majority of the literature
concerning the non-linear mechanics of soft materials (polymer
mechanics and the biomechanics of soft tissues) it is assumed
that volume is conserved and thus Poisson's ratio is 0.5. The
value chosen is not critical for the purposes of analysing
experimental nanoindentation data; here we have selected a
Poisson's ratio of 0.5 because this is consistent with the majority
of the prior published work.Fig. 3 –Mechanical properties of the p(HEMAþMA) hydrogels
as a function of crosslinker density. Solid symbols show the
nominal Young's modulus, E, of the specimens (error bars
indicate one standard deviation) measured using the Oliver
and Pharr (1992) method. The open symbols show the
computed long time elastic modulus, E1, deﬁned by the
Maxwell–Weichert model. A linear regression to the Oliver
and Pharr analysed data is plotted and this has a computed
R2¼0.997. Data from Kaufman et al. (2008) on a similar
system is shown for comparison.3. Results and discussion
3.1. Indentation load and unload cycle
The Oliver and Pharr analysis of the indentation response of
hydrogels is valid only for materials that show linear elastic
behaviour. Hence, it is necessary to acquire an understanding
as to whether the indentation data from our hydrogels is
inﬂuenced by time-dependent experimental parameters.
Indentation experiments were carried out under load control
with a linear loading ramp up to a maximum load of about
500 μN over a time period of 1, 3 or 10 s; this was followed bya period of holding the specimen under constant load for 3, 10
or 20 s; and ﬁnally a linear unload over 1, 3 or 10 s. For all
these loading cycles the elastic modulus of the hydrogel was
calculated from the initial gradient of the unloading segment.
Fig. 2 shows the elastic modulus values obtained from each of
the loading cycles on a 2.5 mm specimen of 0.2% and 1.0%
crosslinker density using 50 μm and 100 μm radius inden-
ters. ANOVA calculation for each hydrogel and cross-linker
density found no signiﬁcant difference (deﬁned as p40.05)
among all the variations of loading cycle studied. Thus all
Fig. 4 – The inﬂuence of hydrogel ﬁlm thickness on the
measured elastic modulus. (a) Young's modulus plotted
against gel thickness for 0.2% and 1.0% crosslinked
hydrogels; data is from 50 μm and 100 μm radius indenters.
(b) The data replotted using dimensionless Young's
modulus and thickness (error bars have been omitted for
clarity). The predicted inﬂuence of ﬁlm thickness on
normalised ﬁlm elastic modulus, using the model of Clifford
and Seah (2009) (dash line) and Dimitriadis et al. (2002)
(dash–dot line), is compared with the normalised
experimental data for indenter radii of 50 μm and 100 μm.
The solid lines show the empirical equation used to describe
the thickness dependent behaviour observed with the 50 μm
and 100 μm radius (thicker line) indenters.
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with a standard loading cycle with a ramp load of 10 s to
500 μN, a hold of 10 s and an unload ramp of 10 s.
3.2. Inﬂuence of crosslinker density
The inﬂuence of EGDMA crosslinker density on the mechanical
properties of the p(HEMAþMA) hydrogels is illustrated in Fig. 3
where data obtained with two different radii indenters are
plotted using both O&P analysis and a Maxwell–Wiechart,
viscoelastic, model. For each crosslinker density 3 specimens
were tested and 20 indentations were placed in each specimen.
For comparison purposes the data obtained by Kaufman et al.
(2008) for the inﬂuence of crosslinker density on the mechan-
ical properties of similar pHEMA hydrogels are displayed.
The O&P analysed data shows a linear relationship with
EGDMA concentration, conﬁrmed by a linear regression that
showed R2¼0.997, over the full range of crosslinker density
studied. However, the standard deviation of the data increased
with increasing crosslinker density. This correlated with an
increase in the roughness (assessed visually) of the surface of
the hydrogels as the crosslinker density increased. The equili-
brium value modulus, E1, obtained using the viscoelastic
analysis was higher than the O&P Young's modulus at the
two cross-linker densities studied. The viscoelastic model
showed signiﬁcantly greater experimental scatter in the mea-
suralculated elastic constant values than was found when the
same indentation was analysed using O&P analysis.
Comparing our results with those of Kaufman et al. (2008),
who used a similar but not identical hydrogel system, we ﬁnd
that both sets of data show an increase in gel stiffness with
increasing crosslinker density. However, Kaufman found
better agreement between the O&P elastic modulus and the
value of E1 obtained from the time-dependent analysis, at
least at the lower values of crosslinker density studied. Note
that Kaufman also found a greater amount of experimental
scatter when calculating the time-dependent elastic proper-
ties of the gel using a viscoelastic model.
3.3. Inﬂuence of specimen thickness
3.3.1. Linear elastic analysis
In order to determine whether there is any variation in
apparent mechanical properties with the hydrogel specimens
of different thickness mounted on stiffer substrates, a num-
ber of p(HEMAþMA) hydrogels were manufactured with
thickness values in the range 50–1000 μm. The hydrated
thickness of each 5 mm5 mm sample was measured prior
to testing and ﬁve indentations were made in each specimen
with both the 50 μm and 100 μm radius indenter. Fig. 4a
shows the Young's modulus of the hydrogels, determined
using the O&Pmethod, as a function of hydrogel thickness for
the 0.2% and 1.0% crosslinker gels, measured using both a 50
and a 100 μm radius indenter tip. At all thickness values the
1.0% crosslinker gels are considerably stiffer than the equiva-
lent 0.2% gels. This is consistent with the data obtained from
the 2.5 mm thick specimens. There is a pronounced effect of
the layer thickness, with thinner gels showing signiﬁcantly
larger values of the elastic modulus when the ﬁlm thickness
is below about 500 μm. For thicker gels the mean measuredmodulus was identical to that obtained from the 2.5 mm
thick specimens. The indenter radius has an effect on the
apparent modulus; there is a more pronounced inﬂuence of
specimen thickness found with both gels when using the
100 μm radius indenter. In all cases the local gel thickness
was measured using a mechanical gauge (see Section 2.1)
with an accuracy of 72 μm, we believe that this error is
considerably smaller than the experimental scatter found
from the repeated indentation data and is thus not consid-
ered further.
In order to explore the inﬂuence of specimen thickness
independent of material composition and test geometry, the
data are replotted in Fig. 4b as a normalised or dimensionless
elastic modulus Enorm and dimensionless thickness tnorm,
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Enorm ¼
E
Eb
ð3aÞ
tnorm ¼
tﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hmaxR
p ð3bÞ
here Eb is the mean (bulk) elastic modulus value measured at
ﬁlm thickness 4500 μm; hmax is the maximum indentation
depth and R is the radius of the indenter. From Fig. 4b it is
clear that at large values of dimensionless thickness all data
converges to a dimensionless or normalised stiffness of
Enorm¼1. However, when tnormo100, there is a considerable
increase in modulus, with the data from the 100 μm diameter
indenter showing a more pronounced inﬂuence of specimen
thickness.
An increase in apparent elastic modulus with decreasing
thickness of a compliant ﬁlm on a stiffer substrate is a well
known phenomenon found with nanoindentation. The pre-
dictions of the inﬂuence of specimen thickness using the
models of Dimitriadis et al. (2002) and Clifford and Seah (2009)
are superimposed upon the data points in Fig. 4b. The models
do not predict any signiﬁcant inﬂuence of ﬁlm thickness on
the apparent ﬁlm modulus until the normalised thickness is
o40 (Dimitriadis) and o20 (Clifford). However, our experi-
mental data shows a signiﬁcant inﬂuence of ﬁlm thickness
when the normalised thickness iso100. Thus, although there
is a trend in the data with the modulus increasing as the ﬁlm
thickness decreases, neither of the models conform with our
results. Thus we have used a purely empirical ﬁt to our data
to account for the inﬂuence of ﬁlm thickness on apparentFig. 5 – Time-dependent (viscoelastic model) mechanical proper
different crosslinker density and indenter radius: (a) Long time
50 μm indenter data. (b) Long time elastic constant E1 normalise
constant of deformation relaxation, τ, for both indenter data.measured elastic modulus. This empirical function is of the
form:
Enorm ¼ 1þ AexpðBtnormÞ ð4Þ
where A¼0.61 and 1.06, and B¼0.045 μm1 and 0.036 μm1,
for the 50 μm and 100 μm radius indenters respectively. The
empirical equation is shown as solid lines on Fig. 4b for each
indenter radius.
3.3.2. Viscoelastic analysis
We found a much larger value of experimental scatter when
the Maxwell–Wiechart model was used to measure the
viscoelastic properties of the model hydrogels. This can be
clearly seen in Fig. 5 where we plot data from the model
hydrogel analysed using a single time constant model, i.e.
n¼1 in Eq. (2), following the procedure of Oyen (2005, 2006).
Fig. 5a and b shows E1 in Eq. (2), normalised by the mean
bulk value determined from the 2.5 mm thick specimens, as a
function of normalised hydrogel thickness, for the 0.2% and
1.0% crosslinker density gels using the 50 μm and 100 μm radii
indenters, respectively. These data show considerably more
scatter than was found with the elastic analysis reported in
Fig. 4. For both crosslinker densities, the normalised E1 data
has been plotted over the equivalent normalised data
obtained using O&P analysis. In Fig. 5a the viscoelastic data
may show a trend of increasing gel stiffness when thinner
gels are studied, however the scatter in the data is too great
to allow conﬁrmation. With the 100 μm indenter (Fig. 5b)
there is no evidence for any inﬂuence of specimen thickness.
Fig. 5c shows the time constant from Eq. (2), in this case there
is no signiﬁcant variation with gel thickness for the 0.2% andties as a function of hydrogel thickness for hydrogels of
elastic constant E1 normalised by bulk hydrogel value for
d by bulk hydrogel value for 100 μm indenter data. (c) Time
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indenter data shows a larger time constant than is found
with the 50 μm results. This is consistent with a poroelastic
model for deformation, because the increased path length
for ﬂuid displacement in the 100 μm experiments would
be expected to result in a greater time constant, whereasFig. 6 – The thickness of 1-Day Acuvue Moist contact lenses, a co
a function of radial position (crosses). Superimposed upon these
using a 50 μm and a 100 μm radius indenter (solid symbols) and t
(a) BVP¼6.0, (b) BVP¼3.0, (c) BVP¼0.5, (d) BVP¼þ3.0, (e) B
measurements, with the error bar indicating one standard devi
horizontal line.any viscoelastic time constant is not expected to show a
length scale.
For each specimen the relaxed, or long time, modulus
was always greater than the Young's modulus determined
using O&P analysis, E14E, at all gel thicknesses. Kaufman
et al. (2008) also found that the value of E1 in thenventional hydrogel, with a range of BVP values, is plotted as
data is the Young's modulus determined by Nanoindentation
he value corrected for thickness using Eq. (4) (open symbols).
VP¼þ6.0. All data points are an average from ﬁve
ation. The manufacturer's data is shown as a broken
Table 2 – Thickness corrected Young's moduli from a
range of contact lenses determined using nanoindenta-
tion. The mean and standard deviation is reported from
25 measurements across the lens with 5 repeats at each
location. Experiments carried out with 50 μm and 100 μm
radii indenters, using Oliver and Pharr analysis.
BVP (D) Young's modulus7SD (kPa)
IndenterRadius 50 μm 100 μm
1-Day Acuvue Moist
6.00 293755 302754
3.00 300751 290749
0.50 337741 330733
þ3.00 292728 290730
þ6.00 326731 316733
1-Day Acuvue TruEye
0.50 642752 789751
Sauﬂon 55
0.50 275733 272736
Air Optix Night & Day
0.50 15237128 15317130
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determined using elastic analysis but they reported a smaller
divergence in the values than we ﬁnd (Fig. 3). Kaufman also
found an increased experimental scatter after using the
viscoelastic analysis. When the viscoelastic analysed data
for the inﬂuence of specimen thickness is normalised, using
the same procedures as outlined for the elastic analysis, there
is no evidence for a consistent effect of specimen thickness
on mechanical behaviour. However, in all cases, the experi-
mental scatter is signiﬁcantly greater than seen when using
the elastic analysis and this may mask any inﬂuence of
thickness. Thus, because of the uncertainty concerning a
possible thickness effect and the greater degree of experimen-
tal scatter found when we attempted to use the time-
dependent analysis, we conﬁne the rest of this study to an
elastic analysis of hydrogel behaviour using the O&P method.
3.4. Elastic modulus of contact lenses
3.4.1. Inﬂuence of lens proﬁle on elastic modulus
Fig. 6 shows the apparent Young's modulus (O&P) measured
across the diameter of 1-Day Acuvue Moist contact lenses
with BVP varying from 6.0 to þ6.0 D; the lens proﬁle is
displayed as crosses on each plot to allow a comparison
between the elastic modulus and local lens thickness. The
shape of each lens is characterised by a thick annular section
that provides mechanical strength to the inner, approxi-
mately 6 mm diameter optical zone. Thus all lenses have a
similar height proﬁle outside the optical zone but show
different proﬁles within the zone that depend on the BVP of
the lens. There is a clear correlation between the apparent
elastic modulus of the lens measured at different radial
distance from the lens centre (shown in Fig. 6 as solid
symbols) and the lens thickness at that location. The lens
appears stiffer in thinner regions of the lens proﬁle.
If we apply Eq. (4) to the data, it is possible to make an
allowance for the thickness variation across the lens and the
resulting corrected modulus (open symbols) appears to show no
correlation with lens thickness for each lens studied. The broken
horizontal line on all the plots in Fig. 6 represents the nominal
Young's modulus supplied by the manufacturer, in this case
300 kPa. Table 2 displays the mean value of the corrected
Young's modulus obtained from the 1-Day Acuvue Moist lens
at each BVP. Comparing these results with manufacturers' data
show that there is good correspondence between the nanoin-
dentation derived elastic properties data and the expected value
supplied by the manufacturer for lenses of BVP¼6.0 D, 3.0 D
and þ3.0 D but poorer agreement is found for the lenses of
BVP¼0.5 and þ6.0. However, in all cases our data is within one
standard deviation of the manufacturer's value.
3.4.2. Inﬂuence of lens material on elastic modulus
Here we show a comparison of the elastic modulus data
obtained from the four different contact lens types used in
this study, all at a common BVP¼0.5 D. Fig. 6c shows the
data obtained from a 1-Day Acuvue Moist contact lens and
this should be compared with the data presented in Fig. 7
from three other lenses. The shape of each lens is slightly
different, despite all having the same BVP because the 6 mm
diameter optical zone must account for small differences inthe refractive index of the lens material. However, all lenses
have a similar height proﬁle with little variation in lens
thickness within the optical zone.
Fig. 7a shows data from the Sauﬂon 55 lens, which is
manufactured using a conventional pHEMA based hydrogel.
This data shows the inverse correlation between lens thick-
ness and apparent Young's modulus that was found with all
1-Day Acuvue Moist contact lenses (Fig. 6). On using the
identical empirical correction factor that was obtained from
our experiments on p(HEMAþMA) gel thickness (Eq. (4)) as
was used in Fig. 6, the corrected data is found to be very
similar to manufacturer's data (dashed line in Fig. 7a). Given
that both the Sauﬂon 55 and the 1-Day Acuvue Moist contact
lenses are made from similar material (conventional pHEMA
based hydrogel) and they have similar manufacturer's stated
Young's modulus values (Table 2), the use of the same
correction factor for both lenses is reasonable. Fig. 7b and c
show the nominal Young's modulus values obtained across a
7-Day Acuvue TrueEye lens and an AirOptix Night and Day
lens, both of which are manufactured using silicone hydrogel
materials and have stated manufacturer's Young's modulus
values much greater than the pHEMA lenses (Table 2). In both
cases we see the same trend with the apparent elastic
modulus greater in the thinner regions of the lens. When
we use the empirical correction factor (Eq. (4)) and "ﬁtting
constants A and B determined from our model p(HEMAþMA)
hydrogel, the corrected data shows remarkable agreement
with the manufacturer's data for the AirOptix Night and Day
lens (Fig. 7c). However, with the 7-Day Acuvue TrueEye lens
there was good agreement between the Young's modulus
data obtained using the 50 μm radius indenter and the
manufacturer's value but the 100 μm radius indenter data
showed poorer agreement (Fig. 7b). This divergence in the
corrected Young's modulus determined using the two radii
indenters was not observed in any other lens studied. Table 2
displays the mean corrected Young's modulus averaged
Fig. 7 – Young's modulus of four different contact lenses of constant BVP¼0.5, measured across the diameter, using a 50 μm
and a 100 μm radius indenter (ﬁlled symbols). The values corrected for thickness using Eq. (4) are plotted with open symbols.
(a) Sauﬂon 55, conventional hydrogel; (b) 7-Day Acuvue TrueEye, silicone hydrogel; (c) AirOptix Night and Day, silicone
hydrogel. All data points are an average from ﬁve measurements, with the error bar indicating one standard deviation. The
manufacturer's data is shown as a broken horizontal line.
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BVP¼0.5. All the lenses characterised using nanoindenta-
tion returned Young's modulus values that were close to the
data determined by tensile testing, supplied by the respective
manufacturer with the exception of the data from the 7-Day
Acuvue TrueEye lens using the 100 μm indenter.
3.5. Discussion
We have used a linear elastic model to obtain a nominal
Young's modulus from our nanoindentation data. This is
probably a simpliﬁcation because a hydrogel comprising an
open nanoporous polymer network ﬁlled with water would not
be expected to display time independent linear elastic beha-
viour. However, our experiments using a model p(HEMAþMA)
hydrogel and a range of load, hold and unload times showed
no signiﬁcant difference in the apparent elastic modulus
obtained from the gradient of the unloading segment (the
Oliver and Pharr analysis). This indicates that a simple elastic
analysis produces consistent results with these materials and
by inference can be used with similar contact lens materials.
A more thorough interpretation on the nanoindentation of
hydrogel materials needs advances in mechanical modelling
of the indentation of time-dependent materials. There are atpresent no closed form solutions for the indentation of
hydrogel materials and analyses of the indentation of viscoe-
lastic materials are currently conﬁned to the case of increas-
ing contact area (Hunter, 1960). Hu et al. (2010) have
presented a poroelastic analysis of the relaxation of an
indenter tip held at a ﬁxed displacement into a hydrogel.
Unfortunately, our data is obtained under a force control
regime and cannot be used with this analysis.
The lack of a suitable model for the indentation of a
poroelastic medium led us to investigate the use a methodol-
ogy based on viscoelastic behaviour to interpret our hydrogel
data (Oyen, 2005, 2006), an approach also used by Kaufman
et al. (2008). We found that this resulted in a much larger
experimental variation between tests than was found when
the same data was used with the O&P elastic analysis and a
consistently larger value was found for the long term (fully
relaxed) elastic modulus than was calculated using the O&P
method. This trend is also seen with Kaufman's data (Fig. 3).
However, despite the greater experimental scatter after vis-
coelastic analysis, the calculated time constant for the
indentation increased with increasing indenter radius
(Fig. 5c), a behaviour consistent with poroelastic behaviour.
In order to characterise the mechanical properties of
contact lenses using nanoindentation it is necessary to test
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well known that in this case the inﬂuence of the substrate
may lead to a larger recorded value of the elastic modulus.
This effect was clearly seen in our data. Note that the
maximum indentation depth in all our experiments was
approximately 1 μm and that the increased Young's modulus
was found with hydrogel thickness o500 μm (Fig. 4a); this
observation is contrary to the generally accepted view that
indentation depths o10% of a ﬁlm's thickness will produce
property data from a ﬁlm with minimum inﬂuence of the
substrate properties (Fischer-Cripps, 2000). From Fig. 4b we
can also see that current mechanical models for compliant
polymer ﬁlms on stiffer substrates do not predict the onset of
a substrate effect at the low ﬁlm penetrations we have
studied (Clifford and Seah, 2009; Dimitriadis et al., 2002).
Galli and Oyen (2008) has carried out a numerical simulation
of the indentation of thin poroelastic layers and predicted an
onset of a signiﬁcant substrate thickness effect when the
layer thickness is smaller than the indenter radius, or in our
case 50–100 μm. This is closer to the thickness range at which
we observe the inﬂuence of the stiff substrate. However
Galli's model assumes free migration of ﬂuid across the
indented region and it is conceivable that if the ﬂuid ﬂow
was constrained over the contact region the inﬂuence of the
substrate may become apparent at greater layer thickness.
We believe that the migration of ﬂuid within the hydrogel
specimens in response to indentation is the most likely cause
for the observed inﬂuence of specimen thickness. This ﬂuid
ﬂow is constrained by the impermeable base used to mount
the samples prior to indentation immersed in ﬂuid. This
constraint will become more marked as the specimen thick-
ness is reduced, consistent with our observations. As the
indenter radius increases, we might expect the increased
contact area with indentation depth to introduce further
constraint to ﬂuid ﬂow and this is seen in Fig. 4b where the
normalised modulus of the 100 μm radius indenter is seen to
increase more rapidly with depth than is seen with the 50 μm
indenter. This suggests that the normalisation used to reduce
the specimen thickness to dimensionless form may not be
correct and thus the need for a different empirical thickness
function for the two indenter radii used in this study.
However, we note that despite its absence of any time-
dependent effects, the O&P elastic model, corrected using an
empirical thickness function, appears to produce useful and
reproducible results for the Young's modulus of contact
lenses. The mean lens elastic modulus determined using
nanoindentation, corrected for local thickness, agrees well
with the data supplied by each lens manufacturer with the
possible exception of one set of data recorded from a silicone
lens at a single indenter radius (Table 2). This agreement is
perhaps surprising because we are using an empirical correc-
tion function derived using data from a model p(HEMAþMA)
hydrogel to account for lens thickness with all four lens
types, even though two of them are made from silicone
hydrogels, which are signiﬁcantly stiffer than both the model
gel and the pHEMA based hydrogels used in conventional
lenses (Table 1). The validity of a common correction function
for surface layers with a small change in elastic properties
(within one order of magnitude) was also found in Clifford
and Seah (2009) numerical study of stiffer polymer ﬁlms.Thus we believe that the correction factor we have derived
from our model hydrogel is applicable for all the lenses
studied.4. Conclusions
We have shown that the elastic properties of hydrogels can
be measured using nanoindentation under appropriate con-
ditions of immersion but the data recorded is a strong
function of specimen thickness, t, with an increase in the
apparent Young's modulus seen at to500 μm when spherical
indentors of radius 50 and 100 μm are used. Such behaviour is
consistent with that of other thin materials measured using
nanoindentation; however, with the hydrogels studied here,
the effect appears to occur at considerably larger layer
thickness (or smaller indentation depths) than is found with
other thin polymer layers. There is no current published
model that can be used to explain this enhanced specimen
thickness effect seen with these hydrogels but it is possible to
produce an empirical model relating a dimensionless Young's
modulus to a dimensionless gel thickness. With normal
contact lens designs the thickness of the hydrogel is within
the region where an increase in apparent modulus occurs
and we are able to show that the empirical thickness correc-
tion function can be used to produce a constant, thickness
independent, measure of gel Young's modulus across the
diameter of a range of contact lenses made using both
pHEMA and silicone materials. These experimental measure-
ments of lens elastic modulus are consistent with the data on
lens stiffness supplied by the manufacturers (within one
standard deviation).
It was not possible to characterise the lenses using time-
dependent mechanical models such as viscoelastic or por-
oelastic behaviour because the data analysed to determine
model parameters showed too great a level of scatter. We are
conﬁdent that the simple elastic analysis used in this study is
robust because there was little variation in the elastic proper-
ties of the hydrogel using a range of different loading and
unloading cycles. Therefore we conclude that nanoindenta-
tion is a suitable technique for the characterisation of contact
lens hydrogels using an appropriate thickness correction
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